Due to their much lower surface roughness compared to that of microcrystalline diamond, nanocrystalline diamond (NCD) films are promising candidates for tribological applications, in particular when deposited on hard ceramic materials such as silicon nitride (Si 3 N 4 ). In the present work, microwave plasma-assisted chemical vapour deposition of NCD is achieved using Ar/H 2 /CH 4 gas mixtures on plates and ball-shaped Si 3 N 4 specimens either by a conventional continuous mode or by a recently developed pulsed regime. The microstructure, morphology, topography and purity of the deposited films show typical NCD features for the two kinds of substrate shapes. Besides, tribological characterization of the NCD/ Si 3 N 4 samples is carried out using self-mated pairs without lubrication in order to assess their friction and wear response. Worn surfaces were studied by SEM and AFM topography measurements in order to identify the prevalent wear mechanisms. Friction values reached a steady-state minimum of approximately 0.02 following a short running-in period where the main feature is a sharp peak which attained a maximum around 0.44. Up to the critical load of 35 N, corresponding to film delamination, the equilibrium friction values are similar, irrespective of the applied load. The calculated wear coefficient values denoted a very mild regime (K ∼ 1 × 10 − 8 mm 3 N − 1 m − 1 ) for the self-mated NCD coatings. The predominant wear mechanism was identified as self-polishing by micro-abrasion.
Introduction
In the past few years, an increasing interest has been focused on the synthesis of nanocrystalline diamond films (NCD) due to their extreme hardness and their nanometre-scale grain size which ensures a very low surface roughness [1, 2] . However, the mechanical and tribological applications of such coatings are mainly limited by the weak properties of the substrates used since depositions are usually performed on silicon. Recently the possibility to use silicon nitride (Si 3 N 4 ) ceramics as substrates has been pointed out [3, 4] . Indeed Si 3 N 4 is a tough and hard material that ensures load-bearing capability for mechanical purposes and an adequate affinity and adhesion with diamond.
NCD films deposited on silicon nitride substrates could find applications in numerous fields such as biomaterials, mechanical face seals, bearings or cutting tools. Diamond films have a very low friction and high wear resistance under a wide range of sliding contact conditions [5] whose performance may be improved if ultra-smooth NCD films are used. Values of the friction coefficient in the range of 0.03-0.06 were obtained in self-mated fine grain microcrystalline diamond coatings [6] . Also, high values were measured in the early phases of wear tests of microcrystalline diamond films [7, 8] . It is then of great interest to further assessing the tribological properties of NCDcoated Si 3 N 4 substrates in what matters their friction and wear behaviour.
High quality homogeneous NCD films can be deposited on Si 3 N 4 substrates with typical growth rates of a few micrometers per hour using microwave plasma assisted chemical vapour www.elsevier.com/locate/surfcoat deposition (MPACVD) process working in a conventional continuous mode [4] . Controlling the deposition temperature is, however, quite difficult when depositing on complex-shape substrates since the dielectric sample may deeply penetrate the discharge which leads to a pronounced edge effect and to a subsequent graphitisation of the film [9] . This phenomenon is particularly important for Si 3 N 4 material due to its low thermal conductivity, but can be successfully overcome by the use of an appropriate pulsed microwave discharge [9] . In this work, the tribological properties of Si 3 N 4 ceramic substrates coated with a NCD thin layer are investigated. The diamond depositions were performed under Ar/H 2 /CH 4 microwave discharges both on silicon nitride plates and on ballshaped substrates in continuous wave (CW) and pulsed wave (PW) mode, respectively. Tribological characterization of such NCD films is achieved using self-mated pairs (ball and plate) without lubrication in order to assess their friction coefficient values and wear behaviour when subjected to such extreme surface contacts.
Experimental details
Dense Si 3 N 4 plates (10 × 10 × 3 mm 3 ) and balls (5 mm diameter) were used as substrates for diamond deposition. The mirror polished plates were produced by pressureless sintering at 1750°C/2 h under nitrogen atmosphere, followed by cutting, grinding, lapping and finally polishing with colloidal silica. The balls, commercially available (Kema Nord), were polished down to 1 μm with diamond slurry before scratching for NCD growth. NCD deposition was carried out using previously optimised growth conditions in a bell-jar type reactor [4, 9] . Prior to the plasma treatment, all the samples (plates and balls) were submitted to an appropriate ultrasonic pre-treatment in a 40 μm grain size diamond powder suspension in order to enhance diamond nucleation on the substrate surface [10] . Two ceramic plates, referred as P1 and P2, were successively recovered by a thin NCD layer (∼12 μm) using the conventional CW mode. The feed gas was an Ar/H 2 /CH 4 mixture (96%:3%:1%) with a total flow rate of 250 sccm. The pressure in the chamber was set to 200 mbar while the injected microwave power was maintained constant at 600 W. The surface temperature monitored with a bichromatic infrared pyrometer was controlled using an additional heating system located in the substrate holder and set at 925 and 825°C for samples P1 and P2, respectively. In order to avoid the edge effect induced by the shape of the substrates, the two Si 3 N 4 balls, labelled B1 and B2, were coated under PW discharges. The gas mixture and flow rate were the same than those described above, but in this case the input power was modulated with a pulse repetition rate of 1000 Hz and a duty cycle of 50% for a maximum input microwave power of 800 W. The balls were carefully placed in a circular hole made in the molybdenum substrate holder, the depth of which was approximately half their diameter. The surface temperature was estimated for both samples at 925°C. The growth duration imposed for each sample was 3 h to give a final thicknesses of approximately 12 μm for the flat substrates.
The microstructure, morphology, topography and purity of NCD films deposited on Si 3 N 4 ceramic plates and ball-shaped substrates in the conditions described above were discussed in previous papers [4, 9] . The main features are briefly summarized in the next section where observations by scanning electron microscopy (SEM) (Hitachi S4100), atomic force microscopy (AFM) (Digital Instrument Multimode IIIa) and micro-Raman spectroscopy (high-resolution confocal spectrometer JobinYvon HR800) are also reported.
The tribological characterization of the NCD films was achieved using a ball-on-flat reciprocating tribometer (PLINT TE67/R). Unlubricated self-mated tests were performed in ambient atmosphere (RH of 50-60%) at room temperature, with constant stroke (6 mm) and frequency (1 Hz). The NCD-coated balls (upper specimen) were mounted in the sample holder arm and made to contact with a defined applied load onto the counter surface. The oscillatory relative motion between the opposing surfaces was obtained by clamping NCD-coated square plate counterbodies (lower specimen) on a reciprocating table. The applied normal load varied in the range of 10 to 40 N. Considering a Hertzian elastic contact for a sphere pressed by a determined load into a flat specimen, the applied loads used in this study produced initial peak pressures under the ball in the range of 5-8 GPa [11, 12] . All tribological experiments were conducted over a sliding distance (x) of 43 m, for the normal tests, and 690 m for the endurance tests.
Friction scans were completed during the sliding tests by means of a load cell, previously calibrated by applying known dead-weights in the range of the measured loads. The wear coefficient (k) of the NCD-coated balls was assessed from the volumetric wear (V) of this triboelement determined from SEM observations of the near circular wear scars produced in the contact zone [8] .
After completion of the sliding tests, the worn surfaces were examined by SEM and AFM (Digital Instrument NanoScope IIIa) with the purpose of ascertain the morphological and topographical characteristics of the films subjected to damage stress, and correlate the results with the friction and wear mechanisms of NCD films in ambient atmosphere.
Results and discussion

Characterization of the NCD films
All the NCD films synthesized either under CW or PW discharges exhibit smooth granular surfaces where no facetted crystallites can be noticed. Typical SEM and AFM images obtained on sample P2 are presented in Fig. 1 as an illustration. The SEM micrograph (Fig. 1a) emphasises the full recovering and uniformity of the NCD films, whereas the AFM image (Fig.  1b) points out their surface smoothness, with typical surface roughness values (R a ) in the range between 20 and 40 nm. For the ball-shaped samples B1 and B2, the deposit consisted in a hemispherical NCD film recovering homogeneously the upper part of the balls since only a portion of the substrates was exposed to the plasma due to their position on the substrate holder.
Raman spectroscopy of the samples was performed using the 488 nm line of an Ar + laser as the excitation wavelength (Fig. 2) . Typical NCD features are observed for both plates and ball-shaped substrates, in particular the trans-polyacetylene bands at 1150 and 1480 cm − 1 , the graphite D and G bands around 1350 and 1580 cm − 1 , respectively, and a weak broad diamond peak at 1332 cm − 1 [13, 14] . Note that, in the spectrum of sample P1, the trans-polyacetylene bands and the diamond peak have a weaker intensity with regard to sample P2. This may be due to the higher deposition temperature imposed for sample P1 since an increase of the surface temperature was shown to provoke a transition towards more graphite-like NCD layers [15] . The XRD analysis done in the NCD films deposited on Si 3 N 4 plates give evidence a good crystallinity through the observation of the characteristic b111N and b311N diffraction peaks. The grain size was estimated around 12 nm from the broadening of the b111N peak [9] . By measuring the thickness of the films on cross-section SEM images, the growth rate of the NCD layers on the ceramic plates was estimated to be about 4 μm h − 1 .
Tribological behaviour
A first set of ball-on-flat reciprocal tests was carried out to determine the maximum critical load the NCD films could withstand. The NCD coatings sustained stable operation, without film breakage, under tribological action for applied loads up to 35 N that corresponds to a maximum contact pressure of ∼6.8 GPa. Fig. 3 shows typical friction scans of self-mated NCD coatings on Si 3 N 4 ceramics as a function of the sliding distance. The represented curves reveal a running-in effect with a pronounced peak as its main feature, followed by a stationary phase with extremely low friction coefficients. The initial friction coefficient of examined NCD coatings is in the range from 0.13 to 0.44 and denoted a significant dependence on the starting surface roughness of as-deposited films. This behaviour exists in spite of the nano-scale nature of the surface roughness of the NCD thin films, and has been referred in some studies involving fine-grained (20-100 nm) polycrystalline self-mated CVD diamond coatings [16] . This same feature was observed for larger grain sized MPACVD diamond films (1.8-4.6 μm) in experiments similar to those of the present work [8] . This suggests that the initial friction regime is predominantly caused by a strong interaction between surface asperities, i.e. by a mechanism of fragmentation and deformation of contacting asperities. This process can be observed in the SEM micrograph of Fig. 4a , where a change from the nominal NCD topography (Fig. 1a) to more flattened surfaces took place. In this case, there is not a large degree of polishing due to the low load (10 N) and short sliding distance (43 m). For longer distances, the surface becomes fully flattened, revealing extensive polishing. The micrograph in Fig. 4b was taken from the border of the wear track of a test conducted for 690 m under 10 N. In the centre of the track, the NCD film is fully flat (lack of topographic contrast under SEM), with surface roughness values of about 2 nm (rms) determined by AFM, while laterally it still contains unpolished zones.
As sliding continues, an equilibrium track is reached with the nano-asperities worn down. The relevance of the interlocking mechanism gradually looses its importance in the overall friction phenomena thus giving very low steady-state friction values (0.02-0.04). This idea is reinforced by the well known fact that the adhesive component of friction is highly reduced during the sliding of smooth passivated diamond surfaces in ambient atmosphere, following saturation of the dangling carbon bonds by adsorbed species [17] . Another feature observed in this study was that the steady-state friction values remained the same, irrespective of the starting surface roughness of as-deposited NCD films and applied load. Miyoshi [16] reports a similar behaviour in terms of the starting surface roughness influence in the final equilibrium friction of selfmated fine-grained polycrystalline diamond. In addition, as can be seen from the inset of the friction curve of Fig. 3 , the levelling of the friction coefficient is readily achieved after a few decimeters of sliding distance, thus indicating a short running-in regime for homologous pairs of NCD in open air.
The AFM micrographs shown in Fig. 5 reveal the differences between the centre and sides of wear tracks produced at short ( Fig. 5a ) and long ( Fig. 5b) running distances under 35 N and 30 N loads, respectively. Even for the 43 m experiment, the centre of the track is already very smooth (rms ∼7 nm), unlike the case of the 10 N test (Fig. 4a) . For longer distances, the surfaces become even smoother as the AFM micrograph of Fig . It is worth noting that the wear of the NCD plate specimens was not measurable by standard techniques (weight loss and conventional profilometry) although the NCD film becomes smoothened as described above (Figs. 4b and 5b) .
Although the deposited NCD diamond films contain some non-diamond phases (Fig. 2) , there is no apparent effect of their presence on the friction coefficients or wear resistance. The main differences relatively to wear tests conducted with selfmated microcrystalline diamond are the lower starting friction coefficient peaks and shorter running-in periods. These can be accounted for entirely by the much smaller starting surface roughness of NCD films relatively to polycrystalline diamond ones. Thus, the role of graphitic phases on the wear behaviour of these NCD-coated Si 3 N 4 ceramics is yet to be fully understood.
Conclusions
NCD films were successfully deposited by MPACVD method from Ar/H 2 /CH 4 gas mixtures on Si 3 N 4 ceramic plates and balls, using CW and PW modes, respectively.
Ball-on-flat tribological experiments allowed the estimation of a critical load of 35 N (∼6.8 GPa) for film delamination.
Friction curves show a pronounced friction peak attributed to the mechanical interlocking of surface diamond asperities, quickly followed by very low steady-state friction coefficients (0.02-0.04) caused by the decrease of surface roughness through extensive polishing mechanism. Final surface roughness reached values of the order of 2 nm (rms) after long running distances (690 m). Such low wear damage of the coated plates hindered a weight loss sufficient enough to be measured by usual techniques. In the balls, the calculated wear coefficient is typical of a very mild wear regime, in the range of 1.0-1.4 × 10 − 8 mm 3 N − 1 m − 1 .
The very low friction, high wear resistance and enhanced adhesion of the NCD coatings deposited on Si 3 N 4 substrates make this tribosystem an excellent choice for dry tribological applications involving high contact stresses, such as cutting tools or mechanical seals.
